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support a quantitative prediction ; but quali- 
tatively, if the ice crystals show some degree 
of alinement, it should be possible to calcu- 
late their size and number by measuring their 
depolarizing effects at two frequencies using 
linear polarization. If ice-crystal orientation 
is random, their effects in circular polariza- 
tion may be a good indication of their number 
and composition. 

The high degree of stability of the back- 
ground signal can be used to allow accurate 
studies of gaseous atmospheric constituents. 
The scintillations in the signal, if detectable, 
would provide a clue to the observation of at- 
mospheric turbulence. Heavy precipitation 
should be detectable by this means if the sig- 


nal is stable and well calibrated in amplitude. 
The total water content could be determined 
by observing and measuring signal absorp- 
tion. It might be possible to measure the ver- 
tical distribution of a constituent by taking 
advantage of the pressure broadening of its 
absorption lines, using a forward-propagated 
signal at multiple wavelengths. One might 
even sweep the transmitted signal frequency 
across an absorption band to provide a com- 
plete frequency sample of the shape of the 
band of some particular molecule of interest. 
By choosing different absorption bands that 
are characteristic of different constituents, 
one could measure the specific atmospheric 
constituents individually. 


PART B 

ADDITIONAL APPLICATIONS AND RELATED TOPICS 


THE MEASUREMEOT OF SURFACE 
PRESSURE FROM A SATELUTE 
BY ACTIVE MICROWAVE TECHNIQUES 

Although it is now possible to map the 
temperature structure of the atmosphere 
from satellites, pressure measurements are 
still limited by the coverage of ground-based 
instruments. More data are required from 
wider areas as an input to long-period nu- 
merical forecasts. Satellite methods for pres- 
sure measurement should be investigated. 
The following data requirements for a set of 
global meteorological measurements suffi- 
ciently accurate to provide initial conditions 
for a numerical forecast up to 2 or 3 weeks 
ahead have been specified by GARP (ref. 4- 
62) : 

1. Wind components : ± 3 m/sec 

2. Temperature : ± 1 K 

3. Pressure of reference level : ±0.3 per- 
cent 

4. Water vapor pressure : ±100N/m- 

5. Time average interval : 2 hr 

6. Horizontal space average : 100 km 

7. Vertical space average: eight levels at 


100 000, 90 000, 70 000, 50 000, 20 000, 

10 000, 5000, and 1000 N/m-’, respectively. 

Such a vast amount of data can possibly be 
collected in the necessary time and at a 
reasonable cost only by the use of remote- 
sounding instruments on satellites. Although 
a geostationary satellite provides the most 
convenient platform for such closely spaced 
observations, it has the disadvantage of being 
at a very large distance (36 000 km), so that 
the antenna size required to achieve an ac- 
ceptable ground resolution or to intercept 
sufficient energy of a return echo may be pro- 
hibitive. Therefore, for the purpose of this 
discussion, it is assumed that the instrument 
is mounted on a satellite orbiting at approxi- 
mately 1000 km. 

An accuracy of ±0.3 percent in a pressure 
measurement corresponds to a height change 
of only 20 m, so that the height at which the 
pressure is measured must be known to 
within this value. This requirement renders 
the measurement of the three-dimensional 
pressure field very difficult. In principle, the 
desired accuracy might be achieved by a ra- 
dar or lidar technique, but any pressure- 
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dependent contributions to atmospheric back- 
scatter are so weak that measurement is im- 
possible with reasonable source powers and 
receiver apertures. This leaves only methods 
that measure surface pressure. Of course, the 
hydrostatic approximation, in conjunction 
with the measured temperature field, will al- 
low reconstruction of the entire pressure field 
from the surface pressure, so that the restric- 
tion is not serious. 

It has been proposed that atmospheric pres- 
sure could be deduced from measurements of 
the optical length of a path through the at- 
mosphere. In practice, the dispersion between 
two different wavelengths must be measured. 
Unfortunately, this effect is very small. In 
the visible spectrum, dispersion can give a 
time difference of approximately 5 x 10”^® 
sec, and calculations by Liebe (ref. 4-63) 
give rather smaller times in the 5-mm O 2 
band. To measure pressure to 0.3 percent, the 
time resolution must be approximately 1.5 
xl0-‘= sec. This is many orders of magni- 
tude less than the equivalent length of a pulse 
reflected from the ocean surface (waves of 
5 m in depth are equivalent to a time differ- 
ence of approximately 3 x 10"^ sec) . The only 
practical method for achieving such resolu- 
tions is to have separate transmitting and re- 
ceiving stations on satellites, so spaced that 
the path between them includes some of the 
atmosphere. One would probably measure 
the phase of a continuous signal rather than 
timing the arrival of a pulse. Such a tech- 
nique is not possible for reflection from the 
ocean surface, because the roughness of the 
surface renders the echo incoherent. 

The most promising methods for surface- 
pressure measurement depend on measuring 
the intensity of energy reflected from the 
surface both in an atmospheric absorption 
band and at a nearby wavelength. The at- 
tenuation of the light in the atmosphere by 
Rayleigh scattering in clouds and the surface 
reflectivity are slowly varying functions of 
wavelength. Therefore, the ratio of the in- 
tensities at the two wavelengths is a measure 
of the atmospheric absorption due to the ab- 
sorption band, from which the total amount 


of gas in the atmosphere and, hence, the sur- 
face pressure can be deduced. 

The chosen absorption band must be due to 
a major constituent (e.g., O 2 ). Absorption 
bands of variable minor constituents such as 
water vapor or ozone must be avoided. Even 
CO 2 is probably not sufficiently evenly mixed 
for this purpose. Possible microwave O 2 
bands occur at 0.76 jum and 5 mm. 

Under favorable conditions, the absorption 
will need to be measured to 1 part in 80 to 
achieve the required accuracy of 300 N/m^ in 
the surface pressure. (See the section en- 
titled “Water Vapor.”) 

The Sun does not provide a suitable source 
at either wavelength. At 0.76 /^m, under 
broken-cloud conditions, a substantial amount 
of sunlight is reflected back from the cloud 
top and does not traverse the entire atmos- 
phere. (This fact has been used to deter-' 
mine cloud-top altitude.) An active, pulsed 
source allows discrimination against such 
cloud reflections. At 5 mm, the cloud reflec- 
tivity is negligible; but the Sun reflected in 
the rough ocean surface provides a signal 
weaker than thermal emission from the 
ocean and atmosphere, from which it cannot 
be distinguished. An active manmade source 
is then required. For the purpose of numeri- 
cal estimates of minimum-required transmit- 
ter power, reflection at normal incidence 
from the ocean surface is considered. Rather 
higher powers would be required for opera- 
tion over a land surface or over the oceans at 
nonnormal incidence. 

At 0.76 fj.m, the most practical source is 
probably a dye laser pumped by either a flash 
lamp or a ruby laser. If a 1-J pulse (4x 10^® 
photons) is assumed, the number of photons 
returned into an entrance aperture of 30 cm 
at a satellite height of 1000 km can be de- 
duced from the ocean-surface reflectivity cal- 
culated by Krishen (ref. 4-64). The fraction 
returned is approximately 1.5 x 10"'® or 6 x 10® 
photons. If the atmospheric transmission is 
0.37 and if a photomultiplier with a quantum 
efficiency of 0.1 is used, the number of photo- 
electrons will be 2 X 10' and the accuracy of 
intensity measurement will be l/(2xl0')^^' 
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= 1/140. This assumes (1) that reflected sun- 
light can be reduced to a negligible amount 
by filtering and using a narrow field of view, 
and (2) that dark current in the photomulti- 
plier is eliminated by cooling the tube, if 
necessary. 

The overall efficiency of the laser system is 
unlikely to exceed 0.05 percent, so that 2000 J 
of electrical energy would have to be stored 
(400 fiF at 3300 V) . If a measurement is re- 
quired every 10 sec, the power consumption 
would be 200 W. In addition to this high 
power consumption, the lifetime of the flash 
tube (approximately 10'" flashes) may present 
a problem. However,. the method seems feasi- 
ble in principle, but it compares poorly with 
other methods discussed in this report. 

This method has been previously investi- 
gated by Singer (ref. 4-65). Singer con- 
cludes that rather high power would be 
needed, but his calculations are based on a 
“gray” surface with albedo 0.1, which gives 
a value of 3 x 10~'® for the fraction of power 
returned compared with 1.5 x 10~*® from Kris- 
hen’s calculation (ref. 4-64) for an ocean re- 
flectivity. 

At a -frequency of 50 GHz, solid-state 
sources can provide powers approaching 1-W 
continuous wave (ref. 4-66), whereas vac- 
uum devices can provide more if necessary. 

The return signal from a 1-W transmitter 
is calculated to be approximately 5 x 10"^ W 
into a receiver aperture of 30-cm diameter. 
(The reflectivity is higher in the microwave 
region than in the visible region because of 
the larger dielectric constant of water.) If 
the receiver and blackbody source are at tem- 
perature T, if the intermediate-frequency 
bandwidth is A/, and if the time constant 
after rectification is t, then noise-equivalent 
power is 4kT where k is the Boltz- 
mann constant and F is the noise factor of 
the receiver (approximately 10 in practice) . 
(The Rayleigh- Jeans’ approximation for the 
blackbody radiation function is applicable to 
the microwave part of the spectrum.) As- 
suming an intermediate-frequency band- 
width of 30 MHz and assuming an integrat- 
ing time constant of 1 sec, the SNR is 500:1, 


which should be adequate for the present 
purpose. 

The O 2 5-mm band is the most promising 
for the proposed measurements; and, in the 
next section, atmospheric transmission in 
this region of the spectrum is considered in 
detail. 


Atmospheric Transmission and Ocean 
Reflectivity in the Neighborhood of the 
5-mm Oxygen Band 


This section considers several factors that 
will affect the received signal strength. At 
normal incidence, the ocean reflection is pre- 
dominantly specular if the surface structure 
is large compared with the radiation wave- 
length (ref. 4-64). Waves on the ocean sur- 
face cause an angular spread in the reflected 
radiation so that the proportion of the re- 
flected energy intercepted by the receiver en- 
trance aperture decreases as the wave ampli- 
tude increases. From Krishen’s results (ref. 
4-64), values for the radar-scattering coeffi- 
cient tr° of 18 to 8 dB are obtained corre- 
sponding to sea states induced by wind of 5 to 
25 m/sec. The fraction of incident power re- 
flected into the receiver P'r is approximately 
related to tr° by 


P,.«.0.28 



(4-55) 


where d is the aperture diameter and R is the 
radar range. The values quoted in the intro- 
duction of the section entitled “The Measure- 
ment of Surface Pressure From a Satellite 
by Active Microwave Techniques” correspond 
to an intermediate value for windspeeds of 
approximately 10 m/sec. 

At normal incidence, there is only a slight 
variation in backscattering cross section 
with frequency due to dispersion in the di- 
electric constant. Away from normal inci- 
dence, the reflected power drops rapidly and 
varies with the roughness of the surface on 
a scale comparable with the wavelength, so 
that rather different behavior is expected. It 
is assumed that measurements are to be made 
at or near normal incidence. 

There will be some fluctuation of the inten- 
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sity of the reflected power with time. To re- 
duce the effects of those fluctuations, it is 
necessary to average a number of independ- 
ent measurements at each frequency and to 
insure that the different frequencies are 
measured close together in time. 

Although the 5-mm O 2 band has a compli- 
cated structure caused by rotational transi- 
tions between magnetic-line structure levels, 
in the wings of the band the absorption can 
be represented by a single Lorentz line. To 
obtain the most sensitive measure of surface 
pressure, it will be shown that the transmis- 
sion on a double pass through the atmosphere 
should be This occurs at a frequency of 
about 50 GHz (the band center is at 60 GHz) , 
where the single-line approximation should 
apply. The pressure and temperature depend- 
ence are given in equation (4-56), where the 
exponents have been chosen to match Liebe’s 
(ref. 4-63) results obtained by detailed, line- 
by-line calculations ; 



(4-56) 


Here, k is the atmospheric absorption coeffi- 
cient, C is a constant, v is the pressure, T is 
the temperature, v is the frequency, vc is the 
band center frequency, yc is the width of the 
Lorentz line, and Po and To are standard pres- 
sure and temperature. 

The transmission for a double pass through 
the atmosphere is t = exp ( —A ) , where the 

/ oo 

k dz and z is the ver- 
tical coordinate. 

The atmosphere is quite accurately in hy- 
drostatic equilibrium so that 


Pag d,--dp (4-57) 

where Pa is the density and g is the accelera- 
tion of gravity. This may be written 


dz T dp 
Zo~~ To p 


(4-58) 


where Zo- (RTo) / (M,„g) (for the scale 
height at temperature To, and where R is the 


gas constant and M,„ is the mean molecular 
weight for the atmosphere) . Hence 


A = 2zo f"' k^^ (4-59) 

Jo -'0 P 

where Po is the ground pressure and k is the 
atmospheric attenuation coefficient. 

Most of the absorption will occur in the 
lower part of the atmosphere where the tem- 
perature falls approximately linearly with 
height. The dry adiabatic lapse rate is ob- 
tained by considering the temperature T that 
would be attained by a block of air if ex- 
panded adiabatically from the ground pres- 
sure Pa and ground temperature To to the 
pressure p at a particular height. 

where q= (y,.-l)/y,.=«0.3 and y, =Cp/C„ is the 
ratio of specific heats for air. 

If p/Po^e-^i'« is substituted into equation 
(4-60) and the exponent is expanded, then 

(4-61) 

Lapse rates other than dry adiabatic may be 
described by changing the value of q. Equa- 
tion (4-59) may be evaluated by making use 
of equations (4-56) and (4-60) for T, such 
that 


2aZo lpa\(Ta\^*^ 

A^°/ 


7c 

If detector noise is the limiting factor, the 
frequency of operation should be chosen to 
give maximum transmission variation with 
changes in ground pressure. This maximum 
occurs when A = 1 at a frequency of 51 GHz, 
where x = 2 and y=—2.6 (figs. 4-23 and 4- 
24). If the received signal is s, the sensitiv- 
ity to variations in pa, Ta, and q is given by 


As 

s 



O.SAq 
1 — 0.8aq 
(4-63) 


If the surface pressure is required to an ac- 
curacy of 300 N/m^ (as)/s is equal to ±0.6 



ACTIVE MICROWAVE SENSING OF THE ATMOSPHERE 


341 



Figure 4-23. — Dependence of absorption coefficient 
on ground pressure and temperature. 

percent and To must be known to ±0.4 per- 
cent or 1 K and q to ±0.006 (lapse rate of 
±0.25 deg/km) . 

This simple model is intended only to give 
an appreciation of the way the atmospheric 



Figure 4-24. — Atmospheric O: and water vapor ab- 
sorption. 


transmission depends on ground pressure and 
atmospheric temperatures. In practice, cor- 
rections for possible temperature variations 
would have to be applied through a more 
precise model and through the pressure cali- 
bration obtained from passes over ground 
stations where surface pressure is accurately 
known. 

It has been shown that in the wings of the 
5-mm Oj band, the absorption coefficient for 
the two-way pass through the atmosphere 
should vary as so that quite accu- 

rate values for surface temperature are 
needed if surface pressure is to be deduced. 
The exponents of pressure and temperature 
as functions of frequency are plotted in fig- 
ure 4-23. These detailed, line-by-line calcula- 
tions were based on a standard atmosphere 
with a constant lapse rate, maintained in 
hydrostatic equilibrium as ground tempera- 
ture is changed (fig. 4-25). Notice that at a 
frequency of 52.5 GHz, the atmospheric 
transmission becomes largely independent of 
temperature. This is further emphasized in 
figure 4-26, which shows the variations in 
ground temperature and in lapse rate that 
produce a change in atmospheric transmis- 
sion equivalent to' a 300-N/m- change in sur- 
face pressure. The transmission of the two- 
way pass through the atmosphere at 52.5 
GHz is approximately 0.12; therefore, it is 
still quite feasible to operate an instrument 



Temperature, K 


Figure 4-25. — Standard atmosphere and variation in 
Ta and lapse rate used in figure 4-23. (Variation 
exaggerated by a factor of 10.) 
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' Change in ground temperature 
— — Change in lapse rate 



Frequency, GHz 

Figure 4-26. — Change in ground temperature and 
lapse rate to give atmospheric transmission change 
equal to 300-N/m- change in ground pressure. 

at this frequency, even though this transmis- 
sion is less than the optimum transmission 
for maximum sensitivity to surface pressure. 

In fact, there are some advantages in mov- 
ing farther into the absorption band. Al- 
though the absolute change in signal for a 
given pressure change is greater at an atmos- 
pheric transmission of e~\ the fractional 
change increases with the absorption. At an 
overall transmission of 0.12, the signal needs 
only to be measured to a precision of 1 part 
in 80 for a 0.3-percent accuracy in pressure, 
compared with 1 part in 150 at transmission 
e~^. The corrections for water-vapor absorp- 
tion, cloud transmission, etc., then need be 
less accurate. 

In table 4-VII, s is the received signal, So 
is the signal that would be received in the ab- 
sence of atmospheric absorption, and As is 


the change in s for a change Apo in surface 
pressure pa. 

Water-vapor absorption must be considered 
for the following reasons : 

1. Water-vapor partial pressure makes a 
significant contribution to surface pressure 
(up to 500 to 800 N/m^) . 

2. Water-vapor absorption occurs at 50 
GHz and must be allowed for, even if the in- 
terest is only evaluation of the O 2 absorption. 
Also, the presence of water vapor affects the 
middle of the O 2 lines and hence the O 2 ab- 
sorption coefficient itself. 

The first effect is quite small because of the 
total required accuracy of 300 N/m% and the 
water-vapor content could probably be esti- 
mated accurately enough without measure- 
ment. 

The absorption caused by water vapor 
around 50 GHz is a slowly varying function 
of the absorption coefficient, being propor- 
tional to y-, and could be included in the in- 
terpretation of cloud transmissivity and 
ocean reflectivity so that the amount of water 
vapor need not be known. The effect of 
changes in the width of the O 2 line caused by 
the presence of water vapor is small, but fur- 
ther calculations are necessary to determine 
whether a measurement of the water-vapor 
content would be required. 

If such a measurement proved necessary, 
an instrument similar to the surface-pres- 
sure sounder could be built, operating over 
the 22-GHz water-vapor absorption band for 
example. Much lower precision would be 
needed for this measurement of the total 
water vapor. 

Benoit (ref. 4-67) gives the following ex- 
pression for the absorption coefficient of 
clouds in this region of the spectrum : 


Table 4-VII. — Attenuation at 2 Frequencies for a Double-Pass 
Atmospheric Transmission 


Frequency, 

Atmospheric transmission 

Relative signal change 

Absolute signal change 

GHz 

(double-pass) 

(is)/s 

As 

51.0 

e~^ 

— 2(Apo)/30e 

— 0.74so(Apo)/pc 

52.5 

0.12 


— AiSol^pa) /po 
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a.=pcv’’^ (4-64) 

where pc is the density of water in cloud in 
g/m^, V is the frequency, b is equal to 1.95 for 
a water cloud and 1.006 for ice, and the 
constant a depends on temperature. For 
water, a=6.866 (1 + 0.6045T) ; for ice, a= 
-8.261 [1- (1.767x10-^ T) - (4.374x10-* 
T^)], where T is in degrees Celsius. For the 
present purpose, it is sufficient to note that to 
remove the effects of cloud from the measure- 
ments, it will be necessary to allow for an ab- 
sorption with components varying approxi- 
mately as V and as v^, in addition to the clear 
atmospheric absorption. 

Although no detailed study has been made 
of attenuation caused by rain, it will be a 
smooth function of frequency, which can be 
allowed for by a polynomial similar to the 
cloud case over the range of frequencies of 
interest. 

Proposed Instrument Concepts 

The measurement of atmospheric transmis- 
sion cannot be made absolutely, because the 
ocean-surface reflectivity and land transmis- 
sivity are unknown. In addition, such abso- 
lute measurements are technically extremely 
difficult because of variation in transmitter 
power and receiver sensitivity. The basic 
measurement will be the ratio of signal 
strengths at one or more pairs of frequen- 
cies sufficiently well separated so that the O 2 
absorption differs substantially (i.e., the fre- 
quency separation must be approximately the 
width of the band, which is about 4.5 GHz). 
One pair of frequencies would suffice if cloud 
transmission and ocean-surface reflectivity 
were independent of frequency. Two pairs 
would be needed to allow a linear variation in 
these quantities with frequency. 

The main difficulty in the design of the 
hardware is to devise a system architecture 
that provides equal transmitter power and 
receiver gain at both frequencies, because 
calibration to the required accuracy is prob- 
ably beyond the state of the art. A possible 
approach is shown in figure 4-27. The trans- 
mitter chain consists of the output of an os- 


cillator tuned at the mean frequency U mixed 
with the output of a CW oscillator at half the 
difference frequency /,, followed by a power 
amplifier. The sum and difference frequency 
outputs from the mixer are equal in ampli- 
tude, and the amplifier-antenna chain should 
have equal gain at the two frequencies. The 
receiver consists of a local oscillator at fre- 
quency /o + a/, slightly offset from the mean 
frequency so that, at the output of the first 
mixer, the two frequencies /o + A and A — A 
give rise to closely spaced components A ± aA 
These are reduced in frequency by a second 
mixer and passed through a common inter- 
mediate-frequency amplifier before being 
separated by filters, detected, and compared. 
Because the intermediate-frequency amplifier 
is common to both frequencies, gain drifts do 
not affect the final ratio. 

Although the prime measurement will be 
relatively independent of temperature, it will 
be necessary to make some temperature 
corrections. The necessary temperature accu- 
racy will be obtained as a result of more de- 
tailed calculations, but temperature will cer- 
tainly not be required to an accuracy smaller 
than ± 1 K ; probably much less accurate val- 
ues will suffice. (See the section entitled “At- 
mospheric Transmission and Ocean Reflectiv- 
ity in the Neighborhood of the 5-mm Oxygen 
Band.”) Probably the most convenient source 
of such information would be a passive tem- 
perature sounder mounted on the same satel- 
lite. If such an instrument were available, it 
would be worth considering in some detail 
how the information from active and passive 
measurements might be combined to the 
benefit of both. 

So far, the system has been described as a 
CW system making an overall transmission 
measurement. Some modulation will be nec- 
essary to distinguish the signal from thermal 
emission and to insure that the transmitter 
does not operate during reception of the echo. 
This transmission measurement could be af- 
fected by backscatter in the atmosphere from 
clouds and rain. Although the backscatter 
from clouds is probably negligible, backscat- 
ter from rain is possibly a significant factor. 
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Figure 4-27. — Block diagram of possible transmitter and receiver configuration to ob- 
tain an accurate ratio of intensities at two frequencies. 


Backscatter could be allowed for either source pressure gradient and hence the geostrophic 

by estimating a correction or, instrumentally, wind to be deduced. Larger transmitter pow- 

by using a pulsed or coded source so that the ers and/or antenna sizes would also allow op- 

surface echo may be distinguished by its time eration over land, 

of travel. 

Because the ocean reflectivity changes so Summary 

rapidly as one scans away from normal inci- An active microwave sounder operating in 
dence, unless a large increase in transmitter 5-mm O 2 absorption band and mounted 

power or antenna size can be tolerated, the on an Earth-orbiting satellite has been pro- 
instrument will have to look vertically down- posed as a means for the remote measurement 

ward. This imposes a restriction on the of atmospheric surface pressure. At 52.5 

ground coverage that can be achieved with a GHz, the O 2 absorption has been shown to be 

single satellite. A small scan of a few degrees largely independent of the temperature struc- 

might be accommodated ; it would allow the ture of the atmosphere, but depends strongly 
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on the surface pressure. A measure of the 
absolute transmissivity of the atmosphere at 
this frequency allows surface pressure to be 
deduced. Such a measurement can be made 
by reflecting a signal from a satellite trans- 
mitter off the ocean surface. Measurements 
at nearby frequencies allow the effects of 
varying ocean-surface reflectivity, clouds, 
and water vapor to be included. 

The total water- vapor content of the atmos- 
phere may also be measured by a similar in- 
strument operating near the 22-GHz water- 
vapor absorption line. 

METEOROLOGICAL APPLICATION 

OF SURFACE WINDS OVER OCEANS 

The atmosphere panel noted with great in- 
terest the proposals for remote sensing of sea 
state with active microwave systems, espe- 
cially the suggestions that wind direction, as 
well as windspeed at the surface, can be in- 
ferred. Surface wind information, if used in 
conjunction with a variational analysis 
scheme (such as that proposed by Y. Sasaki 
(ref. 4-68) ), can greatly improve the initial 
analysis on which operational weather fore- 
casts are based. Other applications include 
improved prediction of hurricanes and storm 
surges, and improved understanding of at- 
mospheric processes. 

This section is a review of (1) the capabili- 
ties that have already been demonstrated for 
inferring the surface wind from sea-state 
backscatter, (2) the unique advantages of de- 
termining surface winds in this way, and 
(3) the several NASA meteorological pro- 
gram objectives into which such wind deter- 
minations will fit. Finally, an estimate will 
be made of the meteorological benefits that 
would accrue from implementing a program 
to infer sea-surface winds from satellites. 

Inference of Surface Wind 
From Backscatter 

Earlier chapters of this report include re- 
views of previous experimental work relating 
radar backscatter to the windspeed and direc- 
tions over the ocean. These are discussed spe- 


cifically in chapter 3 in the section entitled 
“Large-Scale Phenomena.” In summary, an 
empirical functional relationship between 
windspeed and radar cross section has been 
found. A smaller but significant dependence 
was also found between scattering cross sec- 
tion and the orientation of the wind. The re- 
sults suggest that a four-beam array similar 
to an aircraft Doppler navigation system 
(but measuring backscattered power instead 
of Doppler shifts) could provide sufficient in- 
formation to determine both windspeed and 
wind direction at the ocean surface. The sig- 
nal disappears when the winds are nearly 
calm because of a lack of short-wavelength 
ocean waves. However, the absence of signal 
is a definite indication of light or calm winds. 
In very light winds, there is minimal interest 
in wind direction. 

Meteorological Program Requirements 

for Winds Over Oceans From Satellite 
Microwave Systems 

Over the oceans, surface windspeed alone 
can be inferred radiometrically, but determi- 
nation of wind direction requires an active 
system. The determination of wind vector by 
Doppler techniques using the signal returned 
from precipitation particles (see the section 
entitled “Satellite-Borne Radar With Dop- 
pler Capability”) is another possible means 
of determining winds with microwave sys- 
tems. However, sufficiently large precipita- 
tion particles occupy only a small fraction of 
the atmosphere at any one time. Determin- 
ing winds from sea-state condition is the only 
possible method, other than cloud motion, to 
obtain wind information from the nonpre- 
cipitating regions of the atmosphere. 

Wind-velocity vectors inferred from the ra- 
dar sea cross section can be considered as 
surface wind without ambiguity. In contrast, 
there can be considerable height uncertainty 
when winds are derived from cloud motions. 
For example, cloud elements are not truly 
conservative; and, therefore, pattern recog- 
nition schemes for tracking clouds are some- 
what indefinite. Furthermore, it is not 
possible to be very accurate concerning the 
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infrared radiating temperature of cloud tops 
unless the cloud layer is a thick overcast. If 
tall cumulus towers are tracked, there is no 
unique way of knowing at what level the 
winds match the cloud motion. 

There is a unique complementarity between 
winds determined from Doppler measure- 
ment of precipitation particles and winds in- 
ferred from sea state. This complementarity 
occurs because the same clutter that is essen- 
tial for the operation of the Doppler tech- 
nique would distort the backscatter signature 
from the sea surface. Thus, each technique 
works best when the other works least. 

Three of the NASA meteorology program 
objectives would be served by having surface 
winds over ocean areas derived from wave 
backscatter. The first of these is weather 
prediction. A continuing objective in support 
of weather prediction is to develop the tech- 
nology for determining the vertical structure 
of the atmosphere as an input into numerical 
prediction models. It has been shown re- 
cently (ref. 4-69) that knowing the vertical 
structure of the state variables (pressure, 
temperature, and composition) and the ap- 
proximate time and space derivatives of these 
variables does not constitute sufficient infor- 
mation to update a numerical prediction 
model of the type used by most of the major 
weather centers. The measurement of the 
wind at one level within the atmosphere is 
also required. The determination of near- 
surface winds meets this requirement. Thus, 
a satellite with a payload similar to that 
planned for SEASAT-A could continuously 
provide the data set required to update nu- 
merical prediction models. 

An additional application in support of nu- 
merical weather predictions would be an ap- 
proximate extension to better coverage of the 
pressure-measuring scheme proposed in the 
section of this chapter entitled “The Measure- 
ment of Surface Pressure From a Satellite by 
Active Microwave Techniques.” However, 
this measurement scheme would be consider- 
ably less sensitive at angles differing much 
from vertical incidence. Using the derived 
surface winds together with the geostrophic 


relationship would allow approximate recon- 
struction of the pressure gradient and thus 
the complete surface-pressure field. The ap- 
plication would require the observation of 
sea backscatter at several angles of incidence 
to obtain the wind measurement in the vicin- 
ity of the subpoint where the pressure meas- 
urements are made. 

Operational numerical prediction models of 
the mid-1970’s do not attempt to use wind 
data for the initial analysis. Instead, only 
pressures (or the height of constant pressure 
surfaces) are used to generate the assumed 
initial condition windspeeds. However, it is 
likely that, by the time an active microwave 
surface wind system is flown, the numerical 
prediction models may derive the initial con- 
dition windspeeds through a procedure such 
as Sasaki’s (ref. 4-68) variational analysis 
scheme, which can use wind information as 
well as pressure information. A significant 
portion of the present error in weather pre- 
dictions for more than 24 hr ahead can be 
attributed to an imperfect initial state of 
the numerical models. Any improvement of 
the fidelity of the initial conditions will cer- 
tainly increase the accuracy of synoptic-scale 
weather forecasts in the realm of 2 to 6 days. 

The second meteorology program objective 
served by the measurement of winds over the 
oceans is weather danger and disaster warn- 
ing. Specifically, the winds surrounding hur- 
ricanes or typhoons can be measured. Em- 
pirical techniques are available for estimating 
maximum winds near the storm center from 
the character and diameter of the central, 
dense, cirrus overcast as viewed in visual 
wavelengths by satellite sensors. However, 
the primary consideration for public warn- 
ing would be the distance that gale- or hurri- 
cane-force winds extend outward from the 
center; this distance is not uniquely deter- 
mined by the maximum wind. The microwave 
system flown on Skylab 1 (experiment S193) 
successfully mapped a major section of the 
surface windfield of Hurricane Ava on June 
5, 1973, in the eastern Pacific. Even if the 
windfield were measured only every 12 hr, 
such a measurement would supply a major 
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piece of warning information that is now 
missing (unless ships or aircraft are in the 
vicinity of the storm). In a prediction con- 
text, low-level wind data are most vital. For 
instance, measurement of winds in the lowest 
levels of a hurricane have had more value 
in modeling hurricane strength than winds 
measured higher in the storm (ref. 4-32) . 

Finally, the measurement of surface winds 
over the tropical oceans is necessary for a 
better understanding of tropical dynamic 
processes on scales between the single cumu- 
lus scale and the planetary scale. It is be- 
lieved that a major factor in the development 
of cumulus clusters is the presence of large- 
scale divergence in the upper troposphere. It 
is normally assumed that there must be com- 
pensating convergence near the surface, but 
the low-level convergence has not been di- 
rectly observed (because of a lack of suitably 
spaced wind measurements). The use of 
satellite-derived winds from wave backscat- 
ter offers the first opportunity to directly 
measure the low-level convergence. 

Anticipated Results 

Predicting the weather itself is more accu- 
rate than predicting improvements in fore- 
casting models. However, a modest statement 
of anticipated results can be offered. Assum- 
ing the existence of an operational satellite 
family based on SEASAT-A technology, one 
could expect, by the early 1980’s, to see an 
improvement resulting from the greater den- 
sity of data over ocean areas. The improve- 
ment in forecasting will be most notable in 
the range of 3 to 6 days. It may then be pos- 
sible to predict the general nature of the 
weather 4 or 5 days ahead with the same skill 
that meteorologists now have in forecasting 
2 days ahead. A definite improvement in 1- to 
2-day forecasts on the west coast should also 
be expected. 

In the area of hurricane warning, it should 
be possible, a few years after SEASAT, to see 
definite improvements in the prediction of 
storm surges and the location of destructive 
winds once the storm is close enough for hur- 
ricane warnings. It is not possible to know 


at this time how much improvement might be 
expected in the form of reduced “watch” 
areas by better long-term prediction of a hur- 
ricane’s path. 

One can look forward to a considerably im- 
proved understanding of dynamic-scale inter- 
action in the Tropics. This understanding 
(leading to better parametrization of the 
role of cumulus-scale clouds in the Tropics) , 
when combined with the global capability to 
update numerical prediction models, will also 
lead to improved weather forecasts, espe- 
cially in the range of 3 to 6 days ahead. 

METEOROLOGICAL APPLICATIONS 
FOR SEA-ICE MAPPING 
IN POLAR REGIONS 

The Earth-atmosphere system constitutes 
a large (and inefficient) heat engine. The 
Tropics can be considered the “fire box” of 
the engine, absorbing an excess of incident 
solar radiation compared to the long- wave ra- 
diation lost to space. The polar regions, how- 
ever, lose more radiation to space than they 
receive from the Sun. The resultant merid- 
ional gradient of net (absorbed solar minus 
emitted long- wave) radiation ultimately re- 
sults in the energy that drives the atmos- 
pheric and oceanic circulations. 

Important factors governing the radiation 
lost to space in the polar regions (and, hence, 
the meridional gradient of the net radiation, 
which affects the energetics of the atmos- 
pheric circulation, in turn affecting weather 
and climate) are the interactions among air, 
ice, and water in the polar regions. For ex- 
ample, the flux of heat from the polar sea 
surface to the atmosphere can be as much as 
three orders of magnitude greater from open 
water than from ice cover. 

The ESMR flown on Nimbus 5 in Decem- 
ber 1972 has already provided much new 
knowledge concerning the gross characteris- 
tics of sea-ice morphology and dynamics. This 
instrument operates at a frequency of 19.35 
GHz (a= 1.55 cm) and has a spatial resolu- 
tion of approximately 30 km. A similar in- 
strument is scheduled to fly on Nimbus-F late 
in 1975. 
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Chapter 3 of this report discusses the addi- 
tional requirement for high-resolution se- 
quential imagery of selected areas to test 
existing and developing models for sea-ice 
dynamics and the energy exchange in the ice- 
water-atmosphere system. The type of in- 
strument suggested by the ocean panel as 
being most suitable for these investigations 
is an SAR. The atmosphere panel endorses 
this recommendation by the ocean panel as 
one of interdisciplinary interest between the 
oceanic and atmospheric scientists. 

MOLECULAR TRANSFER 
CHARACTERISTICS OF AIR BETWEEN 
10 AND 150 GHz 

Applications are dependent upon the abil- 
ity to describe the somewhat complicated in- 
teraction between microwave energy and the 
molecules that comprise the atmosphere. The 
complete body of experimental evidence on a 
one-way attenuation through the total atmos- 
phere, summarized in figure 4-28, is some- 



35 15 6 3 2 

Wavelength, mm 

Figure 4-28. — Measured clear-sky zenith atmos- 
pheric attenuation in the range of 10 to 150 GHz 
(ref. 4-70). 


what inconclusive. Its origin in molecular 
water vapor and Oo absorption is well known ; 
however, analytical schemes are needed to es- 
tablish (by accurate correlations to meteoro- 
logical variables) the utility of a particular 
remote-sensing method. 

The transfer properties of the total atmos- 
phere are estimated from homogeneous gas 
conditions using numerical integration for 
modeled vertical pressure and temperature 
profiles. The H 2 O and O 2 spectra for the ho- 
mogeneous gas are discussed in the sections 
entitled “Water Vapor” and “Air” concern- 
ing their variability with frequency ^ dry air 
pressure p, water vapor pressure p„, and tem- 
perature T as it occurs over the altitude range 
of /i = 0 to 90 km. Such a description of elec- 
tromagnetic medium properties is, of course, 
fundamental to all active microwave remote- 
sensing schemes. 

An emergent microwave signal is affected 
in amplitude, phase, and direction (refractive 
bending) by the intervening atmosphere ; and 
the interaction can be a strong function of 
frequency. In addition, under special circum- 
stances (02-microwave-spectrum (O 2 -MS) 
Zeeman effect when fe>45 km) , a dependence 
on polarization and orientation can occur. 
Such behavior lends itself to active remote- 
sensing applications of atmospheric condi- 
tions, because the H 2 O and O 2 resonance 
spectra are uniquely related to water vapor 
contents and to the dry airmass. 

Gaseous transfer characteristics are ex- 
pressed for homogeneous conditions in terms 
of attenuation coefficient A: (in dB/km) and 
phase dispersion A</> (in rad/km) by 

A:=0.1820.(Vtf+V") (4-65) 

and 

A<f. = 0.02095v(AVd-HAN„) (4-66) 

where v is the microwave frequency in GHz, 
and N'i and NZ are molecular extinction 
spectra of dry air (O2 and ozone (O3) ) and 
of water vapor (H 2 O and H 2 OOH 2 ), and 
and N-u, are the corresponding dispersion 
spectra, all in units of ppm. 

Cumulative transfer characteristics are 
evaluated by 
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A = 



dl 


aT = 



dl 


(4-67) 


where A is zenith attenuation in decibels, aT 
is zenith dispersion in radians, dl is an incre- 
ment of the ray path, hi is the initial altitude, 
and hf is the final altitude where fc(i) and 
A<^(i) are essentially zero {hf is approxi- 
mately 90 km for O 2 and approximately 25 km 
for HoO). 


Water Vapor 

Two rotational lines of the H 2 O spectrum 
are centered at 22 and 183 GHz. The resonant 
part caused by these lines is evaluated by 
equations (4-65) and (4-66) using 


iV''=2(SF"); 

i 

AK,=X(sn> 


(4-68) 


where F is the pressure-broadened line, and 
the line strength S is given by 


c V „o/300V= r 300\1 

(4-69) 

and for the intensity distribution of strongly 
air-broadened H 2 O lines one assumes the 
shape 


Fi = 


2vo ( Vo~ — >'* ) 


® (l-O^ — !'■)“+ (2 i7,)' 

4v^y; 


f;; = 




(4-70) 


where the linewidth y, is given by 

_ „r /300\»'’ , /300\ 1 

7/ y T / T 

(4-71) 

The line parameters given in table 4-VIII 
are at T=300 K (ref. 4-71) . 

The line spectrum of H 2 O is not sufficient 
to account for water-vapor microwave at- 
tenuation away from the two line centers. A 
residual attenuation exists that can be postu- 
lated to consist of two parts: (1) the low- 
frequency wings of all HoO rotational lines 
above 200 GHz, and (2) the microwave 
spectrum of a water vapor dimer HoOOHo. 

The residual H 2 O (monomer) attenuation 
can be estimated by 

(4-72) 

where ks, is in dB/km, is in torr, v is in 
gigahertz, and T is in kelvin (e.g., when 
p,c = l torr, r = 280 K, and v=60 GHz, then 
fej/«=5 X 10"^ dB/km) . 

The theory of a dimer attenuation ki, was 
treated in detail by Boon (ref. 4-72). The 
theoretical findings between 10 and 100 GHz 
can be roughly expressed by 

(4-73) 

(e.g., when p„=10 torr, T = 280 K, and v=60 
GHz, then k„^&5 x 10“^ dB/km) . Sketchy ex- 
perimental evidence exists to somewhat sup- 
port equations (4-72) and (4-73) ; however, 
much more experimental data need to be 


Table 4-VIII. — Line Spectrum Parameters at T=300 K for H^O at 22 and 183 GHz 


Label 

Individual lines of the H-O microwave spectrum 

1 

2 

Center frequency vo, GHz 

22.23515 

183.31012 

Strength parameter S°, Hz/torr 

° 13.9 

“ 322.0 

Temperature exponent w, units 

2.14 

.653 

Width (H=0) 7 °, MHz/torr 

“ 18.0 

“ 19 

Broadening effect (air) mj, units 

.209 

.21 


Unit of measurement fixed by the related equation. 
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gathered at different frequencies, tempera- 
tures, and close-to-saturation pressures. 

The resonance dispersion AiV„ offers a con- 
cept to measure the variability of atmos- 
pheric water vapor. The differential phase 
delay between two phase-coherent signals 
with frequencies on either side of the mo- 
lecular resonance is a measure of the total 
amount of water vapor along the path. Such 
dual-frequency signals could be transmitted 
from a geostationary satellite and received 
by many ground stations. The technique has 
been investigated for line-of-sight ground- 
level paths (refs. 4-73 and 4-74) . The inte- 
grated resonance dispersion for a vertical 
(zenith) path (fig. 4-29) provides some 
quantitative data. The calculation was based 
on equations (4-66), (4-67) (where aL = 
\Tc/2nv), and (4-68) to 4-71). For the 
frequency pair 25.2 and 19.2 GHz, one ob- 
tains a phase change of 0.41° (0.015 mm/ 
torr) , which is sufficiently linear with each 
torr of ground-level water-vapor pressure. 



Figure 4-29. — Integrated resonance dispersion due 
to 22-GHz water-vapor line for vertical path 
through model atmosphere; p,r is water-vapor 
pressure at ground level (ref. 4-71). The model 
atmosphere was p..=760 torr, ri.=:290 K, and 
= 1 to 20 torr for ground-level conditions; expo- 
nential water-vapor distribution with 2.5-km scale 
height; T—T„—6.5h (km) and p — p„{T for 
h < 10 km; r = 225 K and p = 155 exp( — 0.015) for 
A > 10 km. 


The much stronger 183-GHz line, for a signal 
pair 187 and 179 GHz, yields a differential 
phase delay of approximately 50° per torr of 
ground-level water vapor ; but it is associated 
with higher attenuation (approximately 
15 dB). 


Air 


For all atmospheric transmission problems, 
it is sufficient to consider i less than or equal 
to 44 individual lines of the O 2 -MS. Of these, 
43 lines are centered around 60 GHz and 1 
line at 119 GHz. Propagation parameters are 
evaluated using the following expressions for 
equations (4-65) and (4-66) : 


N'a' 

i 

aN,=^(SF'), 

i 


(4-74) 


where N'/ and aN^ are in ppm. 

Each line strength is given in air by 


5, = 0.2090^p [S°^(T)], (4-75) 

Vo 

where S, is in hertz and the temperature 
function (relative to To = 300 K) is 


f(T) = 


/ 300 ^ 


V T 


exp —6.895x10"^ 

iv(iv-fi)^5^-i) 

(4-76) 


where is a quantum number. 

Each pressure-broadened (p^l to 800 
torr) line is described by the Lorentzian 
shape 


F' = 
F" = 


yi(l + Z-) 
1 


yi 




(4-77) 


where z= (vo — v)/y,^ is a dimensionless fre- 
quency. 

The pressure-broadened linewidth (in 
megahertz) is 
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~f~) 

o 300 

+y 

(4-78) 


where m„ = 0.93 and m„ = 1.25 are the 
broadening efficiencies in air and water 
vapor, respectively, and i (approximately 
equal to 0.0016 MHz/torr^) is an empirical 
overlap coefficient (ref. 4-63). Table 4-IX 


Table 4-IX. — Spectroscopic Parameters of O, Microwave Line Spectrum 


0, 

line 

Center frequency 
vof GHz 

Quantum number N 


Width 7°, 
MHz/torr” 

Remarks 

+ 

— 

Hz/torr” 

1 

48.942 4 


43- 

0.000 024 

1.79 



49.451 4 


41- 

.000 073 

1.79 



49.961 8 


39- 

.000 216 

1.79 



50.473 6 


37- 

.000 598 

1.79 


5 

50.987 3 


35- 

.001 564 

1.79 



51.503 02 


33- 

.003 860 

1.79 



52.021 17 


31- 

.008 985 

1.79 



52.542 23 


29- 

.019 707 

1.79 



53.066 80 


27- 

.040 717 

1.79 


10 

53.595 68 


25- 

.079 186 . 

1.79 



54.129 96 


23- 

.144 84 

1.79 



54.671 145 (20) 


21- 

.248 87 

1.79 



55.221 372 (20) 


19- 

.401 19 

1.79 



55.783 819 (20) 


17- 

.605 61 

1.79 


15 

56.264 778 (10) 

1 + 


.348 69 

2.26 



56.363 393 (20) 


15" 

.853 87 

1.79 

J 98.62 


56.986 180 (20) 


13- 

1.120 4 

1.79 



57.612 49 


11- 

1.359 5 

1.79 



58.323 885 (10) 


9- 

1.515 0 

1.79 

\ Doublet 

20 

58.446 580 (10) 

3* 


.925 05 

1.89 

J 122.72 

i 

59.164 215 (10) 


7- 

1.526 3 

1.79 


59.590 978 (10) 

5* 


1.341 0 

1.81 



60.306 044 (10) 


5- 

1.348 7 

1.81 

1 Doublet 


60.434 776 (10) 

T 


1.562 6 

1.79 

/ 128.74 

25 

61.150 565 (5) 

3* 


1.589 9 

1.79 



61.800 169 (10) 

11+ 


1.458 8 

1.79 



62.411 223 (10) 

13+ 


1.227 2 

1.79 

T Doublet 


62.486 255 (10) 


3- 

.963 36 

1.89 

J 75.03 


62.998 00 

15+ 


.954 01 

1.79 


30 

63.568 520 (10) 

17+ 


.689 76 

1.79 



64.127 777 (20) 

19+ 


.465 60 

1.79 



64.678 92 

21+ 


.294 21 

1.79 



65.224 120 (20) 

23+ 


.174 37 

1.79 



65.764 744 (20) 

25+ 


.097 074 

1.79 


35 

66.302 06 

27+ 


.050 820 

1.79 



66.836 77 

29+ 


.025 041 

1.79 



67.369 51 

31+ 


.011 621 

1.79 



67.900 73 

33+ 


.005 083 

1.79 



68.430 8 

35+ 


.002 096 

1.79 


40 

68.960 1 

37+ 


000 815 

1.79 



69.488 7 

39+ 


.000 299 

1.79 



70.016 9 

41+ 


.000 104 

1.79 



70.544 9 

43+ 


.000 034 

1.79 


44 

118.759 343 (10) 


1- 

.597 25 

2.10 

Isolated line 


Relative to Tu=300 K. 
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lists the parameters for 44 lines labeled by 
line number or the quantum number N- 
(where i-o is center frequency, S° is strength, 
and y° is width) . 

Transfer properties of homogeneous dry 
air. — The clean, dry atmosphere sustains a 
constant mixing ratio up to /i.<80 km for all 
gases that might have a measurable influence 
on microwave transfer properties. An ex- 
ception is ozone. The stronger lines of ozone 
in the microwave part of the spectrum are 
listed in table 4-X. A maximum zenith at- 
tenuation between 0.16 and 0.75 dB to ground 
level and a half-linewidth of approximately 
30 MHz for an observation platform at fe= 
12 km gives these lines some potential for the 
remote sensing of the atmospheric ozone 
content (refs. 4-75 and 4-76). However, the 
much stronger effects as a result of Oj shall 
be emphasized here. Attenuation (eq. 
(4-65)) and dispersion (eq. (4-66)) related 
to the atmospheric Oa-MS are calculated using 
equations (4-74) to (4-78). The dependences 
on temperature and pressure follow from 
equations (4-75), (4-76), and (4-78). Re- 
sults can be categorized as continuum, line, 
double-line (doublet), and line-Zeeman spec- 
tra in terms of altitude h increases. 

1. Altitude h<10 km: All lines, except one 
at 119 GHz, are merged into a continuum 
spectrum under the influence of pressure 
broadening. Nonlinear (with respect to pres- 
sure) overlap effects are taken into account 



0 200 400 600 800 900 


Pressure, torr 

Figure 4—30. — Pressure profiles of the O 2 microwave 
continuum spectrum between 51 and 61 GHz at T 
= 300 K. For dry air, multiply vertical scales (k 
and aN) by the factor 0.225. Simulated altitude 
range h =< 0 to 20 km. 


Table 4-X. — Stronger Spectral Lines of Ozone in the 10- to 150-GHz 

Frequency Band “ 


Center frequency, GHz 

Maximum absorption 
of pure gas, dB/km ’’ 

Zenith absorption 
(maximum), dB' 

96.2288 

426 

0.16 

101.7368 

803 

.3 

110.835 

1230 

.4 

124.086 

1750 

.5 

125.389 

1030 


136.883 

300 


142.172 

2330 

.75 


“ Data from refs. 4-75 and 4-76. 

” Relative to ro=300 K. 

'Calculated for U.S. Standard Atmosphere (1962) (ref. 4-77) and daytime ozone 
distribution (maximum of 5x10’® molecules/cm® at Ii=20 km). 
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Figure 4-31. — Pressure profiles of the Oj microwave 
spectrum in the vicinity (Ai-=i' — of the 9* line 
(>’o=:61.1506 GHz). For dry air, multiply vertical 
scales by 0.225. Simulated altitude range = 0 to 
20 km. 


by the empirical parameter rj. The results 
are given in figures 4-30, 4-31, and 4-32. 
The conversion factor from O 2 to air intensity 
(0.225) was experimentally verified. The at- 
tenuation can be approximated by a power- 
law form 




Qpx(v)j.viv) 


(4-79) 


where C is a constant. 

The pressure dependence on h is governed 
by the hydrostatic equation 


p(h)=Poe-’'/^ (4-80) 




Figure 4-32. — Pressure profiles of the 0- microwave 
continuum spectrum for T=250 to 300 K. The dif- 
ferential pressure sensitivity for >'±0.1 GHz (58.8 
±0.1 GHz) is shown. For di-y air, multiply verti- 
cal scales by 0.225. Simulated altitude range h 
0 to 20 km (ref. 4—78) . 

where Po is the surface pressure, and H = 
0.0293T(/i) is the pressure scale height. An 
average atmospheric temperature T(h) = 
239 K yields H=7.0 km (ref. 4-72). The 
vertical temperature profile, however, is not 
given by any simple physical model for h< 
80 km and must be taken from tables for 
model atmospheres. 

2. Altitude h>30 km: An isolated line 
spectrum is displayed. The summation in 
equation (4-74) can be reduced to the re- 
sponse of a single line plus an unstructured 
background term. An example displays pres- 
sure profiles in the vicinity of the 9+ line (fig. 
4-31). The response of the four O 2 -MS 
doublets falls in the same category. The 
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normal line spacing is roughly 500 MHz, 
whereas the doublets are separated only by 
approximately 100 MHz. The example given 
in figure 4-33 shows the more complicated 
pressure dependence of k and aM. The 
doublet is suited to experimentally study the 
overlap effects (whereby the problem is re- 
duced to two lines instead of to 43). 

3. Altitude h>45 km: Zeeman-splitting of 
each Oa-MS line in the Earth magnetic field 
becomes noticeable and causes anisotropic, 
polarization-dependent transfer properties 




Figure 4-33. — Pressure profiles of the Oa microwave 
line spectrum (300 K) in the vicinity 
of the h~/l* doublet (the separation to »„ (7*) is 
given by e). For dry air, multiply vertical scales 
by 0.225. Simulated altitude range /i <=« 15 to 40 
km. 


(ref. 4-63). At these altitudes, the lines are 
only a few megahertz wide, although indi- 
vidual Zeeman components are not resolved. 
Each O 2 -MS line assumes a constant width 
under the influence of a magnetic field and 
rapidly approaches zero intensity as the pres- 
sure drops below 1 torr. An example (fig. 
4-34) treats the case of the 1+ line, which 
splits into two o-components when the mag- 
netic-field vector of linearly polarized radia- 
tion is assumed to be perpendicular to the 
direction of the Earth magnetic-field strength 
in the plane perpendicular to the propagation 
direction. 

For remote-sensing applications, it is im- 
portant to know the frequency, pressure, and 
temperature sensitivities of Oa-MS transfer 
characteristics for a given condition. An 
example is given in figure 4—32. 

Transfer properties of the total dry air- 
mass . — The total atmospheric O 2 -MS con- 
tains all the cases discussed in the previous 
section concerning transfer properties of 
homogeneous dry air (oxygen). The com- 
plexity of the problem is underlined by the 
various homogeneous gas conditions pre- 
sented in figures 4-30 to 4-34. A solution of 
equation (4-67) was approximated by as- 
suming a spherically stratified atmosphere 
with i = 151 homogeneous slabs for h=0 to 
90 km and a numerical integration based on 
Simpson’s rule as follows : 

A = 0.5 2 (fci-f-fc(„i)Ali(e) I 
AT=0.5 2 (A<^i + A<^,vi)Ali(^)J 

(4-81) 

where A is in decibels and aT is in radians. 
The slant-path-lehgth increments a1, are 
calculated along a straight-line path using an 
algorithm based on the starting angle against 
zenith 9 (ref. 4-63). The results for three 
different initial altitudes (hi=hi — 0, 10, and 
20 km) are shown in figure 4-35. 

Molecular emission produces an antenna 
noise temperature proportional to the in- 
tegral over the attenuation rate and tempera- 
ture distribution along the path at which the 
antenna is looking. This is the basis for the 
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Figure 4-34. — Pressure profiles of the O. 1* line un- 
der the influence of a magnetic field strength, ref- 
erenced to 300 K (cri designates two Zeeman com- 
ponents; TT designates one component), due to the 
normal Zeeman effect (ref. 4-78). For dry air, 
multiply vertical scales by 0.225. Simulated alti- 
tude range A =» 30 to more than 80 km. (a) tt- 
component. (6) <r--components. 
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Figure 4-35. — One-way attenuation A and phase dispersion AT due to the O2 microwave 
spectrum between 49 and 72 GHz for a zenith path through the U.S. Standard At- 
mosphere 1962 (ref. 4-77) from three different initial altitudes hi to outer space 
(I-line, Il-continuum spectra). (For experimental points for hi = 0, see fig. 4-30.) 


passive (radiometric) remote-sensing ap- 
plication to globally map vertical temperature 
structures from a satellite. In active sys- 
tems, this atmospheric noise poses a problem 
because it sets an ultimate limit to the re- 
ceiver sensitivity. Across the O 2 -MS band, 
the noise temperature varies between 3 K 
(A = 0 dB) and 300 K (A>50 dB), which 
is, however, still of no concern because mixer 
noise is considerably higher. 

The resonance dispersion ANa offers a con- 
cept to measure the variability of the dry air- 
mass. The differential phase delay between 
two phase-coherent signals with frequencies 
on either side of the 60-GHz band is a meas- 
ure of dry air conditions. The extreme 


values of (!) 2 -MS zenith dispersion from 
h=0 to outer space (fig. 4-35) are shown in 
table 4-XI. The nondispersive delay At caused 
by the vertical refractivity profile is approxi- 
mately 7000 psec for a zenith path at 60 GHz. 
Moving the sensing frequency pair into the 
edges of the O 2 -MS band increasingly favors 
the gas mass at the lower altitudes. 

The same differential principle applies to 
attenuation in the semitransparent O 2 -MS 
portions (55<v<65 GHz). By defining an 
equivalent altitude for the zenith O 2 -MS 
attenuation A (fig. 4-35) (where the homo- 
geneous ground-level attenuation coefficient 
k (fig. 4-36) equals A), one obtains k% = 
18 km (at a maximum of 60.4 GHz) and 
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ACTIVE MICROWAVE SENSING OF THE ATMOSPHERE 


357 


Table 4-XI. — Extreme Values of 0-,-MS Zenith Dispersion 


Frequency v, GHz 

Zenith dispersion 
AT, rad 

aL= (aTc) / (2iry) , mm 

At = AT/ (_2nv) , psec 

58.3 

+ 15'! 

-1-12] 

-h40] 


l33 

^26 

l85 

62.6 

-18j 

-14j 

-4oJ 




Figure 4-36. — The 0- microwave spectrum attenuation and its pressure and tempera- 
ture sensitivities to various atmospheric conditions over the 40- to 140-GHz band 
(ref. 4-78). (a) Attenuation in air k compared with frequency >'(7’=300 K). 

(6) Temperature sensitivity compared with frequency »(p=760 torr). 


t 
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Figure 4-36 (concluded) . — The 0» microwave spectrum attenuation and its pressure and 
temperature sensitivities to various atmospheric conditions over the 40- to 140-GHz 
band (ref. 4-78). (c) Pressure sensitivity compared with frequency f{T=300 K). 


h^ = 5 km (for 50<v<55 GHz and 66<r< 
72 GHz). 

A proposal has been made to measure sur- 
face pressure by a differential intensity meas- 
urement of two satellite-based radar signals 
reflected from the Earth surface (ocean), 
whereby one frequency lies in the semitrans- 
parent O 2 -MS range and the other is remote 
from the O 2 -MS in a transparent range. (See 
the section entitled “The Measurement of 
Surface Pressure From a Satellite by Active 
Microwave Techniques.”) The calculations 
for the U.S. Standard Atmosphere, 1962 (ref. 
4-77) yield the values of given in the 
previous paragraph, which predict essentially 
constant opacity (,hk — 5 km) ; hence, the at- 
tenuation response of the total airmass may 
be evaluated by equation (4-79). The values 
of X and y at a particular frequency (figs. 
4-30 to 4-34) are the significant parameters 
for a radar sensing of surface pressure. 


One can conceive possibilities for atmos- 
pheric research with a microwave system 
consisting of a transmitter on one spacecraft 
and a receiver on another. (See the section 
entitled “Applications of Bistatic Microwave 
Systems to Atmospheric Research.”) At- 
mospheric occupation at frequencies in the 
two O 2 -MS bands centered at 60 and 119 GHz 
can exploit the properties of individual O 2 -MS 
lines when the closest approach to ground 
level is /i>15 km. -Two possible applications 
are : 

1. The peak attenuation of the two A = 15= 
lines (table 4-IX) is independent of tempera- 
ture and thus a good indicator of strato- 
spheric pressure (ref. 4-63) . 

2. The fact that the transfer character- 
istics in the vicinity of the 1= lines (fig. 4-34) 
are dependent in the least complicated man- 
ner upon strength and orientation of the 
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Earth magnetic field suggests magnetometer 
applications. 

Conclusions 

Technically, there are several promising 
remote-sensing concepts that can benefit 
from or are affected by H 2 O and Oa spectro- 
scopic transfer characteristics. The follow- 
ing research will provide a basis for the 
development of remote-sensing schemes op- 
erating in the 10- to 150-GHz frequency 
range : 

1. The translation of molecular theory on 


millimeter wave properties of air into engi- 
neering terms. 

2. The description of analytical schemes to 
predict propagation phenomena on the basis 
of meteorological variables, together with 
examples of unique atmospheric transfer 
properties. 

Laboratory work is recommended to better 
define the spectroscopic parameters of at- 
mospheric microwave transfer character- 
istics as a function of pressure, composition, 
temperature, and magnetic-field strength 
over the range of these variables encountered 
in the atmosphere. 
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APPENDIX 4A 


This appendix is based on a translation 
of section 9.6, entitled “Features and Effec- 
tiveness of the Detection of Clouds and Rain 
With Pulse Radar From Satellites,” from 
Radar in Meteorology by V. D. Stepanenko 
(ref. 4-12). 

UTILIZATIO^ OF SCANNING BEAM 
RADAR 

The capability of detecting a meteorologi- 
cal target with radar increases with the in- 
crease in transmitter power P, and receiver 
sensitivity Pmin- When interfering echo sig- 
nals from the surface of the Earth are absent 
(as will often be the case for scanning-pencil 
beams produced by ground-based radar used 
for detection of the upper portion of clouds 
and rain) , the required values of the radar 
parameters may be found from the basic 
radar equation. 

When using radar in satellites, the widths 
of the radiation pattern 6id-, cannot be arbi- 
trary ; rather, they must be selected to insure 
a total angle of scan that will cover the 
Earth without any gaps. The radar-detection 
range depends on the orbit height and the 
given width of the region of coverage. The 
minimum height of the orbit is about 200 km ; 
consequently, it is also the minimum detec- 
tion range. This appears to be a disadvantage 


that is absent with ground-based radar ; and, 
in the case of satellite-borne instruments, the 
limitations imposed by the present level of 
radar development prohibit the detection of 
weakly reflecting targets. 

However, one of the advantages of using 
radar aboard satellites is the significantly 
large value of the beam-filling factor at 
great distances in comparison with that for 
Earth-based radar (fig. 4A-1). In the latter 
case, the maximum range of showers and 
thunderstorms (the vertical dimensions of 
which are approximately 10 km) does not 
exceed 300 to 350 km. At greater ranges, 
they are located beneath the Earth-based an- 
tenna beam (A:, = 0). At smaller ranges (200 
to 250 km), the filling factor is only approxi- 
mately several hundredths, even for narrow 
beamwidth (0=1°). In the same conditions, 
it is possible for satellite radar to have values 
of k. of greater magnitude. This is readily 
shown from figure 4A-1. The magnitude of 
the beam filling factor at the Earth surface is 

e,{H+h-h') cotan A 
After the pulse reaches the Earth surface 

Ir" — ^ 

^ (P' CO tan A -I- Pc' cos- A) 02 

(4A-2) 

with 
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Figure 4A-1. — Geometry for computing the filling 
factor for satellite radar. 


and 


CG> 


H-h 


sin (A-di) 


(4A-3) 


(.BP— Be') sin A 

^ I 

Vsin A ^cosA;^ 


(4A-4) 


Another advantage of using radar in a 
satellite is the possibility of detecting clouds 
and rain from overhead (i.e., with a large 
viewing angle). As a result of this path, 
microwaves in the attenuating layer (tropo- 
sphere) of the atmosphere are attenuated less 
than for Earth-based radar. This circum- 
stance modifies the optimum wavelength 
choice in the direction of much shorter waves 
(ref. 4A-1) . 

The classical radar equation and the radar 
equation for meteorological targets are neces- 
sary not only to determine the attainable 
values of the radar parameters but also to 
guarantee complete coverage of the Earth 
surface. To do so requires the utilization of a 
system of four radar-equipped satellites (ref. 
4A-1). 

A series of about 10 echo pulses must be re- 
ceived. The number of these pulses N,. is de- 
termined by the pulse repetition frequency 


fp, the scanning speed of the beam Vy, and 
the width of the antenna radiation pattern 
in the vertical plane e^. 


Nr=0.5 4 ^ 


(4A-5) 


The value of fp is limited by the average 
transmitted power and the maximum operat- 
ing range of the radar. Because of the first 
condition, the permissible value of fp must 
be selected as fp<P/ (Pttp) , where P is the 
average power and tp is the radar pulse 
duration. 

With present-day transmitters, P«=300 W. 
Because the optimum wavelength for meteor- 
ological radars in satellites appears to be 
A=2 to 3 cm (ref. 4-9), P,«.3xl0= W. The 
duration of the transmitted pulse T, to 
achieve the desired resolution, must be equal 
to 1 /isec. Then /p<10'^ Hz. 

The second condition is concerned with the 
maximum radar range. In this case (with fp 
in hertz) 

(4A-6) 

/p c 

and 


^ ^ 1.5x10' 

•'p— p 


(4A-7) 


For the satellite radar with pencil beams, 
meteorological targets will be detected within 
the range interval of 30 to 40 km, even with 
large scanning angles, because they are lo- 
cated in the troposphere. Consequently, to 
obtain readings of distance relative to the 
surface of the Earth, it may be assumed 
that B„, = 30 km. Then, /, <5 x 10’ Hz. How- 
ever, the possibility of obtaining received 
echoes at the time the radar transmitter is 
turned on must be considered. It is easy to 
show that pulses, transmitted at a frequency 
of 600 Hz, will not be received from a range 
of 500 km each second pulse. With /p = 1200 
Hz, the echo will not be received on every 
fourth pulse, and so forth. To set the “blind” 
zone beyond the limit B„„ it is possible, for 
example, to take /p=1000 to 1150 Hz. Then, 
P = Ptfptp = 3xlO’xll50xlO-'>=345W. 

Returning to equation (4A-5), in which 
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the scanning speed Vy enters, one can show 
that 

where is the scanning angle and 0, is the 
width of the radiation pattern in a plane 
perpendicular to the plane of the orbit. From 
equations (4A-5) and (4A-8) 

The satellite velocity of motion projected 
on the Earth surface Fp, is related to its 
velocity of rotation around the Earth V^r by 

with 

(4A-11) 

where T, is orbital period in seconds. 

Equation (4A-10) does not take into ac- 
count the Earth rotation F„. Generally, the 
receiving antenna beam along the Earth has a 
velocity 

.V = Vp,+V, (4A-12) 

The magnitude of the vector velocity is 

F =Rs^e cos <f) (4A-13) 

where is the angular velocity of the Earth 
rotation, and is the terrestrial latitude of 
the subsatellite point. 

For satellites with circular polar orbits 

Fp,= [(F,,) = +(F,)^]* (4A-14) 

Analysis of equation (4A-9) shows that 
the necessary width of the radiation pattern 
also depends on the required angle of scan, 
the orbit height, and the number of pulses 
transmitted and received. 

The scanning angle and the distance 
from the satellite to the Earth depend on the 
orbit height, the required longitudinal angu- 
lar width of the coverage, and the number of 
satellites. The widths of the radiation pat- 
tern 0 tO 2 are also determined by these param- 
eters. This limits the use of narrow radiation 


patterns for the purpose of achieving large 
detection range and satisfactory resolution. 

As an example, consider a single search 
of the Earth surface with four satellites with 
A,=10 pulses, y = 78“, H=400 km, /p = 1150 
Hz, and Fp,. = 7.2 km/sec. Substituting in 
equation (4A-9) yields M 2 = 1.78°. This is 
achieved with 02 = 0.51° and 0i = 3.5°. 

With the indicated radar characteristics 
from the radar equation by Stepanenko (ref. 
4-12), the ratio of the received power to the 
transmitter power for a detection probability 
of 0.9 can be readily obtained. Then 

^ =5.2xlO-«^M, (4A-15) 

where R is given in km, Z is in mm°/m^, and 
k is the attenuation factor. 

According to experiments, the radar re- 
flectivity Z is different for various atmos- 
pheric conditions and varies within the limits 
10’^ mmVm^<Z<10“ mm®/m^ 

Then, with 7? = 400 km, the beam filling 
factor lc-=0.3, and the attenuation factor 
k=0.5, the ratio P,/P< will vary from 5 x 10"^° 
to 5xl0-’«. For P = 1000 km, 7.8xl0-=®< 
Pr/P,<7.8xl0-'^ 

If the radar receiver sensitivity is taken to 
be Pmin = 10~“ W and the transmitter power 
P, = 300 kW, then P,/Pt = 3.3 x 10-=» (ref. 
4A-2) . Comparing this ratio with the re- 
quired ratio of Pr/Pi for clouds and rain, one 
can determine those regions of rain that are 
detectable from satellites. Presently, clouds 
without rain cannot be detected with radar 
methods from satellites because the great 
distances result in a very small ratio of 
Pr/P(. Increasing this ratio to insure the 
possibility of detecting nonrain clouds and 
measuring their upper height is possible with 
passive infrared radiometer methods. 

Analysis of table 4A-I shows that, with a 
400-kra orbit, it is possible to detect moderate 
and heavy rain within the range of coverage. 

UTILIZATION OF RADAR WITH FIXED, 
PLANAR RADIATION PATTERNS 

This type of pulse radar is of interest be- 
cause of the simpler antenna construction and 
the greater number of pulses on target. 
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Table 4A-I. — Maximum Detection Ranges 
of Clouds With Pulse Radar of 
Selected Characteristics 


Maximum detection range, km 


Characteristic 

200 

400 

600 

800 

k, 

0.5 

0.3 

0.1 

0.08 

Zmi„, mmVm’ . . 

64 

415 

2880 

5100 

mm/hr “ . . 

.46 

1.50 

5.08 

7.25 


” /rnin=minimum detectable intensity of rain. 


Coverage of the Earth surface with such 
a satellite is obtained with two fixed, planar 
beams oriented perpendicular to the orbit 
plane of the satellite. 

The radar has the following parameters: 
wavelength of 3 cm, radiated pulse power of 
300 kW, receiver sensitivity of 10"“ W, pulse 
width equal to 4 to 5 ixsec, angular width of 
the radiation pattern in the horizontal plane 
01 = 0.23°, and angular width of the radiation 
pattern in the vertical plane 02 = 30°. 

The radar has two antennas that are alter- 
nately switched to the receiver-transmitter. 
The frequency of switching is 

Fpoa = 1.9 X 10-« e,h(H+RE)(^l + 

(4A-16) 

where A:„er is the coefficient of overlap. 

With H—iOO km, the value of 16 

Hz. The width of the radiation pattern 0, is 
selected to obtain sufficient antenna gain, 
subject to the manufacturing restriction that 
Z?o/A = 300, where Da is antenna diameter. 
The width of the radiation pattern 02=30° 
insures complete coverage of the Earth sur- 
face with four satellites at an orbit height 
of 400 km. 

One of the disadvantages of fixed planar 
beams is that unwanted clutter is almost 
always reflected from the sea or the Earth 
surface, together with the desired echoes 
from clouds and rain. These reflections create 
background that makes it difficult to extract 
the signals from the meteorological targets 
that are of interest. 

In this case, the minimum detectable in- 


Table 4A-II. — Calculation of Imin in mm/hr 
According to Equation (UA-17) 


Maximum detection range, km 


Condition 

300 

400 

500 

600 

Without clutter 

1.5 

2.0 ! 

2.8 

3.4 

Clutter from land. . . 
Clutter from 

9.1 

8.0 

7.0 

7.3 

water surface 

2.0 

3.1 

2.8 

3.7 


tensity of rain 7n,i„ (in mm/hr) can be ex- 
pressed by the following relationship (ref. 
4-12) 

7min — 

/ STr 6 j£^X^Rl,m,Pr+m 2 Ptk*h tan S Q) k \ 

\ aSirXlO-'^ PihOiRmhk: ) 

(4A-17) 

Using the previously mentioned radar 
characteristics and with mi = m 2 = l, &.- = 5 
xl0"% k=0A, a = 220, and y = 1.6, one can 
determine with equation (4A-17) the value 
of the rain intensity with ^ = 40° and the 
scattering coefficient S((8)=10"'% corre- 
sponding to a grass-covered ground; and 
S(j8) = 10■•'^ corresponding to a water sur- 
face (table 4A-II). 

Analysis of the table shows that the con- 
tribution of the clutter is substantial. How- 
ever, the minimum detectable rain intensity 
is increased three to six times compared to 
the rain intensity in the absence of clutter. 
The characteristics are such that, in the 
presence of clutter, the minimum detectable 
rain becomes less, despite the increased 
range. This is explained by the fact that the 
echo signals from volumetric meteorological 
targets decrease as the square of the range, 
and the echoes from the area targets as the 
range cubed. 

These calculations show that, with an in- 
crease in the angle of sighting the con- 
tribution of the clutter increases because of 
an increase of the multiplier tan p in the 
second term of the numerator of equation 
(4A-17). 

In such a manner, the effectiveness of 

' Translator’s note : The quantity 7 has a different 
meaning in eq. (4A-17) than it does in eq. (4A-9). 
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radar with planar beams for detecting mete- 
orological targets from satellites is degraded 
by the harmful effect of the Earth surface. 

To increase the effectiveness, it is necessary 
to attempt to reduce the effect of the ground 
reflection. To a large degree, this problem 
can be solved by using a multiwavelength 
radar. 

In the microwave region, the scattering 
coefficient of the Earth surface S(/9) and, 
consequently, the effective scattering area 
are weakly dependent on the wavelength ; but 
for rain, the scattering coefficient is propor- 
tional to A~‘. This effect can be used to remove 
the significance of ground clutter. 

The difference of the minimum received 
signals is 

■f*X|niln ^ Xjinin ^ \P\^c 

-m',Px,e (4A-18) 

Let the noise powers Px.sx, and Px^,;,, and 
also the coefficients of the distinction be the 
same. Then, according to the theory of radar 
reception, the difference of the internal noise 
increases by V2. 

To effectively use this method, it is neces- 
sary for the radiation patterns at both wave- 
lengths to be the same. Accordingly, they will 
have the same angular resolution and filling 
factor k;. 

Substituting in equation (4A-18) the re- 
lationship in equation (4A-17) and calcu- 
lating its relative rain intensity, the follow- 
ing expression is obtained : 


an instrument was examined that operated 
at wavelengths of \=0.8 cm and x=3 cm. 
The main reason for selecting these bands 
was that, at these wavelengths, detailed scat- 
tering coefficient data S(yS) are available for 
various surfaces of the Earth with various 
viewing angles. 

Solving the equation for 7n,i„ with P,^=300 
kW, P(, = 30 kW, fci = 0.2, and ^2 = 0.4 and as- 
suming the other radar parameters are the 
same as before, the values in table 4A-III 
are obtained for the minimum detectable 
intensity of rain. 

A comparison of the values of tables 4A-II 
and 4A-III reveals the advantage of two- 
band radar. 

In addition to the detection of rain, an in- 
teresting problem is the possibility of meas- 
uring its intensity from satellites. Although 
the solution of this problem depends on over- 
coming a series of difficulties connected with 
the necessity to automatically process and 
measure the backscatter signal power under 
space conditions, the achievements of elec- 
tronics and processing systems design offer 
hope for successful use of spaceborne two- 
band meteorological radar in the coming 
years for the detection of storms and for the 
measurement of rain. In this regard, it is 
tempting to present the possibility of in- 
stalling such meteorological radars on geo- 
stationary satellites at orbit heights of 
35 700 km. 

Using equation (4A-15) (the radar equa- 


Imiii - 


/P,,fc, P,k..\ 

a64^>‘X 10-^« 


|V2P„ 




h tan p [g, {p) \\P,Jc^-So (/?) \ V 


STrOiR,, 


J (4A-19) 


An analysis of this formula reveals that, 
with other conditions equal, the sensitivity 
of the . dual-wavelength radar will increase 
with the difference in the denominator of the 
multiplying term and will decrease with the 
difference in the numerator of the second 
sum of the braces. 

As one version of a dual-wavelength radar. 


tion) with a beamwidth 0=X/D„ = \/400 
«= 0.0025 rad, P, = 3xl0® W, /mi„ = 4 mm/hr, 
Pmin = 10"^“ W, tp = l fisec, attenuation co- 
efficient k = 0.5 at a = 2 cm, fc=10“^ at A = 0.8 
cm, k — 10~^ at A = 0.3 cm, and with the value 
k.=0.3, the following required values for 
P,/Pi are obtained. 

For A equal to 0.3, 0.8, and 2 cm, the cor- 
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Table 4A-III. — Minimum Detectable Intensity of Rain (mm/hr) With Two-Band~Radar 


Surface 

Maximum 
detection 
range, km 

Depression angle to near edge of coverage, deg 

10 

30 

50 

70 

Land 

300 

0.5 

1.8 

3.6 

4.0 

Sea 


.42 

.42 

.42 

.42 

Land 

400 

0.76 

1.76 

3.16 

3.5 

Sea 


.7 

.7 

.7 

.7 

Land 

500 

0.95 

1.73 

2.9 

3.1 

Sea 


.93 

.93 

.93 

.93 

Land 

600 

1.2 

1.79 

2.8 

3.0 

Sea 


1.16 

1.16 

1.16 

1.16 


responding ratios of Pr/Pt are 5x10 -’, 
7x10-2“, and 5.9x10-2“. At this time, the 
technically achievable values of these ratios 
appear to be P^/Pt = 10-’V (3 x 10“ )« 3.3 
X 10-2’. it appears that areas of rain 

will be detected from satellites at A equal to 
0.8 and 2 cm. With the selected values of 6 
and tf, the geometrical resolution in the tan- 
gential dimension amounts to 80 to 90 km; 
and, in the radial direction, the measure- 
ments are from 6.5 to 0.2 km, with angle of 
scan y, increasing from 0.2° to 7°. 
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